A universal vaccine against influenza remains a critical target, and efforts have recently focused on the stem of the hemagglutinin glycoprotein. In this issue of Cell and a related Cell Host & Microbe article, three studies identify broad protective epitopes in the hemagglutinin head domain that are exposed by trimer ''breathing.''
The development of vaccines and the implementation of vaccination programs worldwide have led to the eradication of small pox and the elimination of poliomyelitis in most of the countries. However, many viruses, including influenza, have resisted efforts to develop a long-lasting protective vaccine. The underlying mechanism of this failure remains elusive, but it is believed that effective protective immunogens (epitopes) have not been identified.
More generally, the development of an effective vaccine against pathogens for which inactivated or attenuated vaccines failed remains an unsolved question in immunology. Both influenza and HIV (human immunodeficiency virus, the causative agent of AIDS) are the good examples of such issues. The influenza A virus HA (hemagglutinin) molecule consists of a ''head'' globular domain and a tail-''stem'' domain and is believed to harbor both the immunogenic and protective components for vaccination. However, immunization with the head domain was proposed to elicit only subtype-specific, even strain-specific, protection; for example, the H5 head domain alone as immunogen elicits H5-specific protection (Xuan et al., 2011) . To date, there are 18 defined subtypes (H1-H16 and HA-like H17/18) of influenza A virus HAs belonging to two broad groups (group 1 and group 2); thus, subtype-specific antibodies can only provide protection against a limited subset of viruses. On the other hand, the HA ''stem'' is the least variable region on the HA surface from the primary sequences. For this reason, great efforts have been focused on the development of influenza vaccines that depend on protective epitopes in the stem domain (Wu and Wilson, 2018) , but the vaccination strategies used to elicit these antibodies, for example by removing the head domain, have not yet translated into a universal vaccine.
In this issue of Cell (Bangaru et al., 2019; Watanabe et al., 2019) and in an accompanying Cell Host & Microbe article , three independent groups, for the first time, reported the identification of important epitopes hidden in the HA head domain and found them to be protective against broadspectrum subtypes of influenza A viruses. They found that these novel protective epitopes are concealed at the contact surface between HA head domains in the trimeric HA ( Figure 1 ).
As noted above, previous studies have demonstrated that the conserved stem region is the promising target for broadly neutralizing antibodies (bnAbs) (Wu and Wilson, 2018) , while rare bnAbs can recognize the ''head'' receptor binding site (RBS) with heterosubtypic activities. In the three studies reported here, the authors identify a novel class of antihead antibodies isolated from vaccinated individuals or a mouse model of vaccination. One of these antibodies, FluA-20, was derived from a donor who had received many seasonal influenza vaccinations and experimental H5N1 and H7N9 subunit vaccines. In the second study, the representative S5V2-29 (one of 12 antibodies targeting the S5V2-C1 epitope) was obtained from human memory B cells of four donors who received the trivalent inactivated seasonal influenza vaccine (TIV) 2015-2016 Fluvirin. While isolated from distinct sources, all these antibodies recognize the occluded region on the HA head domain, which appears to be conserved among a divergent range of influenza HA subtypes. Accordingly, the human antibodies display a broad binding spectrum of HA molecules: FluA-20 can recognize the recombinant HA head domain from nearly all subtypes, except for H13, H16, and H7 of A/New York/107/2003 strain, while the collective breadth of five human antibodies (S5V2-29, H2214, S1V2-58, S8V2-17, and S8V2-37) targeting the S5V2-C1 epitope covers both group 1 and group 2 HAs (H1, H2, H3, H5, H7, H9, and H14).
In the third study, the authors present a murine model of vaccination that aims to elicit such antibodies by immunizing animals with glycans-modified HAs, for which the HA molecules are glycosylated to release some occluded epitopes. In this setting, mAb 8H10, one of the murine-derived V H 5-9-1 antibodies that responded to glycan-modified H3 Hong-Kong/1/1968 (HK-68), presents broad (but not complete) reactivity among historical H3s and a representative H4. The structural analysis of the three studies indicates that HA 220-loop is the key epitope recognized by these antibodies, with slightly different binding orientations ( Figure 1) . The 90-loop or the polypeptide chain between residue 91 and 106 also plays a role in this conserved epitope.
Interestingly, all of these anti-head antibodies lack neutralizing activity in vitro but could confer good protection in a murine model of infection. To explore the protection mechanism behind this phenomenon, Bangaru et al. examined the effects of mutations in the Fc portion of Flu-A20 and showed that its ADCC activity is dispensable for its protective effects in vivo. They further show that Flu-A20 can disrupt the HA0 trimer in vitro, a property that may underlie its protective role and ability to limit cell-to-cell spread. On the other hand, Watanabe et al. observed isotype-specific differences in protection (comparing IgG1 to IgG2c subtypes of the same S5V2-29 antibody) and attributed these effects to differences in both ADCC and CDC. Of note, this superior passive protection by IgG2c isoforms is consistent with previous stem-directed HA antibody studies (DiLillo et al., 2016) .
Therefore, in addition to existing stem and RBS head epitopes, the discovery of non-RBS HA head epitopes by these three groups expands the potential immunogen components of broadly protective influenza vaccines.
The antibodies described here target a concealed head-interface epitope that might be conserved in part because of a relative lack of immune pressure. How do these antibodies gain access to the occluded epitopes? A recent experimental study suggests that HA exhibits a certain degree of reversible ''breathing'' conformational dynamics at both low and neutral pH (Das et al., 2018) , providing the possible process for head separation required for interface exposure (Figure 1 ). Breathing and dynamics of the virus envelope proteins, and access of the protective antibodies, have been reported for other viruses, e.g., dengue virus (DENV) (1A1D-2 epitope exposure during breathing, see Figure 1 ), MERS-CoV, and HIV (Munro and Lee, 2018; Rey et al., 2018; Yuan et al., 2017) . In the third study, Bajic et al. engineered the influenza HA molecules by introducing non-native potential N-linked glycosylation sites (PNGs) to redirect B cell responses. These glycans cover the immune-dominant (and variable) epitopes, which can elicit antibodies against a unique hidden epitope. Surprisingly, Figure 1 . The Cryptic Epitopes Exposed by Virus ''Breathing'' (A) The occluded epitope on influenza HA. Canonically, three HA molecules form a compact trimer as one unit on the virus surface (left). In the studies discussed here, the ''breathing'' of the HA trimer exposes a concealed epitope by breathing, which can be recognized by protective antibodies. The HA molecules are displayed in surface representation. The HA1 molecules are colored in white, pink, and pale blue, while the HA2 molecules are colored in gray. The epitope is presented by the representative structure of targeting HA-interfaced antibody-HA complex (H3-S5V2-29). The antibody heavy chain and light chain are colored in marine and pale blue, respectively. The conserved epitopes among the antibodies in the three papers are shown in green, the conserved epitopes among human antibodies are colored in orange, and the epitope of S5V2-29 is colored in deep purple. (B) The epitopes of a representative RBS-targeted antibody (C05, PDB 4FQR), cross-binding of group 1 and group 2 HA stem antibody (CT-149, PDB: 4UBD), binding within group 1 HA stem (CR6261, PDB: 3GBM), and binding within group 2 HA stem (AF4H1K1, PDB: 5Y2L) are colored in red. (C) The envelope glycoproteins (E proteins) on mature and immature DENV display different conformations. E dimers are observed on the mature DENV, while E trimers are presented on immature DENV particles. The exposed epitope can be recognized by breathing envelope glycoproteins on DENV. Several antibodies recognized the cryptic epitope on E proteins have been identified (1A1D-2, 4E11, 2H12, E111, and 3E31), and we take 1A1D-2 as an example to show the hidden epitope on the DENV particle. The E proteins are displayed by surface representation, with domains I, II, and III in red, yellow, and blue, respectively. The heavy chain and light chain of antibody 1A1D-2 are colored in green and cyan. The structure of mature particle and breathing DENV are based on PDB: 3J27 and 2R6P, respectively. (D) The structures of E protein dimer on mature and breathing DENV particles and the 1A1D-2-E complex, with the same colors as in (C). unlike glycan shield in HIV Env, hyperglycosylating HA creates an equivalent glycan shield without bias on the overall magnitude of the humoral responses.
Altogether, these three groups provide a comprehensive analysis of a new class of occluded epitopes on the influenza HA head domain. The antibodies to this epitope protect mice from infection, despite poor neutralizing activity in vitro, prompting us not to ignore the potential protective properties of non-neutralizing antibodies. Importantly, these studies support that the head-interface epitopes are conserved across most influenza groups and may not be under the immune pressure that would mediate the antigenic drift of the virus. Therefore, the occluded epitope might represent an ideal immunogenic candidate and should be considered in a universal influenza vaccine along with the HA-stem-based antigens. How we can obtain and immunize against more breathing epitopes remains a big issue for the future studies. Altogether, this work suggests a potential rethinking of our approach for the development of a universal vaccine against influenza by potentially going back to include both the head and stem domains and focusing on engineering work (e.g., glycosylation) that exposes such breathing epitopes. Mogilenko et al. dissect mechanisms by which fatty acids lead to a state of heightened innate immunity and inflammation. They reveal a metabolic adaptation to elevated fatty acids that involves a shift in the balance between glycolysis and oxidative phosphorylation and activation of the unfolded protein response, linking the high-fat Western diet to systemic inflammatory disease.
Metabolism and immunity are drawing ever closer. Research into the role of the immune system in regulating metabolic homeostasis has intensified, spurred on by the looming threat of the obesity epidemic. As a result, immune cells are emerging as key intermediaries in the pathogenesis of metabolic disorders from malnutrition to the metabolic syndrome. In complement to this, evidence is also mounting that metabolic derangements, such as those that accompany obesity and the high-fat Western diet, influence the immune system, including altering the behavior of myeloid cells in the innate inflammatory response. However, the mechanisms by which changes in the metabolic environment shape
